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Abstract— In time-of-flight positron emission tomography
(TOF-PET), the timing capabilities of the scintillation-based
detector play an important role. An approach for fast timing is
using the so-called metascintillators, which combine two materials
leading to the synergistic blending of their favorable
characteristics. An added effect for BGO-based metascintillators
is taking advantage of better transportation of Cherenkov photons
through UV-transparent materials such as plastic (type EJ232).

To prove this, we use an optimized Coincidence Time
Resolution (CTR) setup based on electronic boards with two
output signals (timing and energy) and near-ultraviolet (NUV) and
vacuum-ultraviolet (VUV) silicon photomultipliers (SiPMs) from
Fondazione Bruno Kessler (FBK), along with different coupling
materials. As a reference detector, we employed a 3x3x5 mm?3
LYSO:Ce,Ca crystal pixel coupled with optical grease to a NUV-
HD SiPM. The evaluation is based on low threshold rise-time,
energy and time of arrival of event datasets.

Timing results of a BGO/EJ232 3x3x15 mm?® metapixel show
Detector Time Resolutions (DTRs) of 159 ps for the full photopeak.
We demonstrate the possibility of event discrimination using
subsets with different DTR from the rise time distributions (RTD).
Finally, we present the synergistic capability of metascintillators
to enhance Cherenkov photons detection when used along with
VUV-sensitive SiPMs.

Index Terms— BGO, CTR, Cherenkov, EJ232, LYSO,
metapixel, metascintillator, NUV, SiPM, TOF-PET, VUV.

I. INTRODUCTION

IGH precision time-of-flight positron emission

tomography (TOF-PET) scanners could reach 10 ps
FWHM coincidence time resolution (CTR) performance, as
there is no physical barrier to this goal [1]. For this to happen,
we need to look for new scintillating materials to overcome the
limitations of the state-of-the-art LYSO. Along with that, a fast
and low-noise electronic system plays a fundamental role in the
reliability of the analysis and measurement as we approach
CTR values below 100 ps [2].
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Regardless of the emission type and wavelength, gamma-ray
interactions generate an isotropic emission of photons in
scintillating material which eventually impinge on the
extraction surface with a specific angle [3]. According to Snell's
law, each scintillation photon can reach the photodetector
depending on the refractive indexes of the two materials at the
interface of the extraction surface and its incidence angle.

Bismuth Germanate (BGO) crystals exhibit interesting
characteristics, among which are the high density (7.13 g/cm3),
the high attenuation length (1.10 cm at 511 keV), and the high
refractive index (2.15 @ 480 nm). Moreover, they produce
scintillation photons with emission wavelengths between 370
and 640 nm. In addition, Cherenkov photons are also produced,
and their wavelength dependency and transmittance are shown
in Figure 1. While Cherenkov wavelength is inversely
proportional to the square of wavelength (1/ A?), the self-
absorption of BGO around 310 nm limits the extraction of
Cherenkov photons [4].
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Figure 1. Emission spectra of BGO, LYSO:Ce and Cherenkov radiation
compared to the BGO transmission. Modified from [5].

An alternative method that allows for improvements in the
performance of TOF-PET scanner technology is based on
metascintillators. These are based on a new concept combining
fast and high-density materials, exploiting the best
characteristics of timing resolution and stopping power,
respectively [6, 7, 8, 9, 10, 11].

The first generation of metascintillators has been thought to
have no optical or coupling material between the thin layers of
the two scintillation materials. Each plate is surrounded by a
very thin layer of air with a refractive index of 1 for all relevant
wavelengths [9]. The two materials share their gamma
interaction energy through the recoil electron. Indeed, the
trajectory of this particle can cross multiple times the two
materials introducing the concept of energy-sharing (Figure 2).

Until now, few works have tried to combine the added value
of Cherenkov and metascintillator heterostructures [12, 13].
Moreover, an attempt has yet to be made to channel BGO-
produced Cherenkov photons through different materials.
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This paper summarizes the potential of timing using
Cherenkov emissions in BGO through a novel technology. The
results of the CTR measurements using SiPMs from FBK
explicitly developed for measurements in the deep UV are
presented. Furthermore, the effects of optical coupling
materials on light extraction and the timing resolution have
been evaluated. Finally, the capability to guide Cherenkov
photons using the EJ232 plastic and their timing potential is
considered.
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Figure 2. Recoil trajectory and photon generation inside a metapixel [10].

I1. MATERIALS AND METHODS

A. Pixels: bulk, pseudo, and meta

We have tested three types of pixels, namely: metapixels (m)
made of two different scintillation materials, conventional bulk
pixels (b), and the so-called pseudo pixels (p) formed by thin
plates of the same material. Meta-pixels were built from BGO
and EJ232 materials.

The reference detector crystal is a bulk 3x3x5 mm?3
LYSO:Ce,Ca from SIPAT (China). The 5 mm length for this
pixel has been chosen to provide excellent DTR performance.

Table | lists different custom-made bulk, pseudo, and meta-
pixels. All these pixels have been covered with ESR plates and
then wrapped in several layers of 0.075 mm Teflon to minimize
the light losses due to the gap between the edge of the ESR film
and mechanically stabilize the structured p and m pixels [14].
Two types of pseudo-BGO pixels have been compared,
respectively, pBGO1 and pBGO2. The differences between
these two pseudo pixels are the thickness of the BGO plates (0.3
mm for pPBGO1 and 0.2 mm for pBGO2) and the treatment used
for the thin lateral plate surfaces (unpolished for pBGO2 while
polished for pBGO1). The large surfaces are polished for both
cases. This decision has been made because the rough surfaces
reduce the cost of every single plate and, therefore, the overall
pseudo or meta pixel. For the 0.1 mm plates of pEJ232, the
same surface treatment of pBGO2 has been used. For this
reason, the metapixel tested in this work (mBE) is made by
interleaving the plates of these two materials.

Figure 3 shows the manufacturing process and some of the
resulting metapixels.

TABLE |
PIXELS CHARACTERISTICS

Pixel Pix.el Sizes Effect'ive
Name Material(s) Density
bLYSO LYSO:Ce,Ca  3x3x5 mm? 7.41 g/cm?®
bBGO BGO 3x3x15 mm3 7.13 g/cmd
bEJ232 EJ232 3x3x15 mm3 1.023 g/cm?®
pBGO1 BGO 3x3x15 mm3 7.13 g/cm?d
pBGO2 BGO 3x3x15 mm3 7.13 g/cm?®
pEJ232 EJ232 3x3x15mm®  1.023 g/cm?

mBE BGO/EJ232  3x3x15 mm?3 5.09 g/cm?®

Table 1. Pixel type details. Every pixel has its own specific name.
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Figure 3. (Top) Metapixel manufacturing process. (Bottom-left) Some of the
metapixels in our disposal. (Bottom-right) Metapixel cross-section with the
two compound materials clearly distinguishable.

B. Wavelength sensitivity: SiPMs and Coupling materials

We used SiPMs from FBK, with the physical characteristics
described in Table Il [15]. The VUV sensor is efficient to low
wavelengths around 200 nm and, for this reason, has no
protective layer on top of the silicon, as most industrially
available materials compromise this sensitivity in the VUV
region. The NUV SiPMs were also provided without this layer
to compare the results. Therefore, these photosensors were very
fragile. The bonding wire part has been covered by epoxy resin
to make them slightly more robust. This has been observed to
be very effective in terms of SiPM lifetime. For all SiPMs, a
bias voltage scan was performed to find the best operation
point. While the diode sizes are slightly different, the built
pixels are always smaller than that, covering the center of the
SiPM.

TABLE I
SIPM CHARACTERISTICS
. s . Voltage
Type of SiPM Chip Size Cell Size Breakdown
NUV-HD 3.1x3.2 mm? 40 pm 32V
VUV-HD 3.0x3.4 mm? 35 pm 315V

Table Il. FBK SiPM details. More information about these devices can be found
in [15].

The difficulty of finding suitable materials with limited
absorption and reflection in the VUV region also stands for
coupling materials. Moreover, most specifications refer to
transparency over several centimeters, a different context than
the few micrometers of the thickness of optical coupling placed
between the scintillator and SiPM.
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We tested two optical coupling materials: bi-distilled
glycerin (GL) and SS-988 (SS), an optical grease from Silicone
Solutions. In a previous paper [16], it was noticed that glycerin
could deteriorate the SiPM.

Another drawback of glycerin is its viscosity. Since its
melting/freezing point is at 17.8 °C, we avoided measurements
at room temperature to prevent the liquid glycerin from
dropping out of the SiPM area, getting absorbed by the Teflon
around the crystal, damaging the SiPMs, or evaporating. Using
SS-988, these effects were not visible, but this material is not a
valid candidate for light transmittance on the deep UV. Even if
VUV sensors produce similar results independently from which
coupling material is used, we have decided to test our meta-
pixel mBE with glycerin.

C.Measurements of optical characteristics of BGO

A Fourier-Transform Infrared (FTIR) system (Vertex 80 by
Bruker, Billerica, MA, USA) outfitted with OPUS software was
used to characterize the transmittance in the wavelength range
of 250 to 500 nm. The spectrometer configuration for this range
included a deuterium source, CaF, beamsplitter, preamplifier
gain C, and RT-GaP Diode detector. Both source and sample
apertures (6 and 1 mm in diameter, respectively) were
employed. Another measurement feature included a 40 KHz
low pass filter and double-sided forward-backward acquisition
mode. The resulting spectra were Fourier converted in OPUS
using a phase resolution of 32 MHz/No Peak Search phase
correction mode, Blackmann-Harris 3-Term apodization
function, and zero filling factor of 2. All spectra, including
background measurements, were recorded at 4 cm™! resolution
and averaged using 128 scans.

We used this system to evaluate the absorption characteristics
of BGO pieces of 0.2 mm thickness, such as the ones used in
the presented metapixels. This was done in comparison with
standard 3x3 mm? area pieces. The range closer to 300 nm is
particularly interesting for Cherenkov production due to the
reduced wavelength and because BGO has a significantly
higher refractive index at these wavelengths [17]. The VUV
SiPM has a slightly improved sensitivity compared to the NUV
in the concerned area (Figure 4).
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Figure 4. Calculated transmittance in silicon of normal incident light on the near
ultraviolet high-density antireflective coating (NUV-HD ARC, blue line) and
on the modified ARC of VUV-HD SiPMs. Taken from [15].

D. Double channel readout circuit,

The front-end electronic board used in this work is based on
previous publications [18] but with several specific redesigns
for our current purposes. It is a double-channel readout circuit
based on timing and energy channels. Figure 5 top shows a
simplified version of the read-out schematic.

In the balun-based differential readout path, the dual-stage
amplifier has been reduced to a single Time Amplification
Stage (TAS) with broadband HMC311SC700-8GHz amplifier
to reduce the power consumption and the noise level (Figure 5,
middle-right) while maintaining possible to read the fast-rise
time and the voltage drop across the SiPM without
compromising timing performance. Notice that this has been
achieved without any electromagnetic shielding. A specifically
designed wideband Bias-T has been introduced to properly
decouple the AC from the DC signal without losing significant
frequency content. Indeed, the bandwidth frequency domain is
limited by the balun (10 MHz) and the oscilloscope (8 GHz).

In the energy path, the unity voltage amplification stage
composed of an EL5167 Operational Amplifier with a -3 dB
bandwidth of 1.4GHz provides the signal seen at the shunt
resistor on the SiPM anode. The resulting boards are shown at
the bottom side of Figure 5.
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Figure 5. (Top) schematics of the HF-amplifier readout electronics employing
a timing amplification stage (TAS) composed of HMC311SC70 bipolar
monolithic microwave integrated circuit (MMIC) amplifiers and a wideband
Bias-T. (Right) a screenshot of the low noise from the timing signal. The RMS
is calculated to be around 330 pV with a small offset of 100 pV. (Bottom) front-
end boards, left front-side, right back-side.

E. Coincidence HF setup

Our coincidence setup comprises a Na-22 radioactive source
between two aligned gamma-ray detectors. Each detector
consists of a scintillator that converts gamma rays into optical
photons, a SiPM that transforms photons into electric current,
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and a front-end electronics board that extracts the electric signal
for further processing without significantly degrading the
signal-to-noise ratio. At the end of this conversion chain, we
used a high-performance 8 GHz bandwidth oscilloscope
(Rhode & Schwarz RTP084) with four channels connected to
each board's timing and energy channels (Figure 6). To protect
the coincidence setup from direct light and humidity, a 37 cm
black cubic foam box has been filled with silica bags making
small holes just for the supply cables, the oscilloscope probes,
the temperature sensor, and the compressed cold air. The set-up
has been placed in a temperature-controlled environment at 14-
15 °C with variations below £0.5 °C.
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Figure 6. Coincidence HF Setup’s sketch.

F. Event filtering and fitting distribution

Coincidence filtering has been done directly on the
oscilloscope by selecting events above a specific voltage
threshold for each detector. By analyzing the maximum
amplitude of the energy signal, it is possible to discern
photoelectric events from Compton interactions. In the case of
metapixels, this approach is not directly applicable, as the pulse
height is a combination of energy shared between materials.
Photoelectric events are improbable in plastic scintillators.
Hence, the threshold chosen was the same as the BGO
photopeak, allowing to discard of dark counts and low-energy
events. Nevertheless, the events used to characterize plastic
reach around 150 keV energy interactions.

Depending on the scintillator under test and the event
selection, the At distributions might be Laplacian, Lorentzian,
or a mixture of Gaussian functions [19]. Since all the
measurements for this work are made against a reference
crystal, most results show an asymmetric distribution,
especially the ones with only BGO as testing material, as shown
in Figure 7.

The goodness of our fitting procedure was based on the
regression-square value R2 The regression predictions
perfectly fit the data when R? is equal to 1. In addition, the true
FWHM value has been added and calculated by simply taking
the linear interpolation of the rising and falling half-maximum
values. As an example, in Figure 7, the asymmetric Laplacian
fitting resulted in the best R2. In order to find the true FWHM
of the distribution, we perform the linear interpolation of the
raw data. In this case, the true FWHM is 274.4 ps which
includes 58.5 % of the At distribution events. The DTR and
intrinsic CTR (CTRnt) of the tested pixels are then calculated
from the expressions (1) and (2):

DTRTEST = CT'I?2 - DTRI%EF (1)

CTR;yr = V2 DTRygsr (2)
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Figure 7. Asymmetric distribution using bLYSO as reference detector and
bBGO as tester with different fitting results. The maximum of the distribution
is around -180 ps.

G.Detecting Cherenkov & Rise Time Distribution

The fast-rising edge of the timing channel refers to the
constructive pile-up of detected photons and is used to detect
and discriminate Cherenkov photons [12, 18, 20]. For the Rise
Time Distribution (RTD) analysis, we fixed the voltage
threshold values just above the signal noise level at 3 mV and 8
mV.

Considering the equation of Cherenkov emission, many
Cherenkov photons are produced below 300 nm, and a small
amount of them is detectable with NUV SiPM. This occurs
since BGO absorbs photons at this range [4]. However, in our
meta-pixels, BGO is only 300 or 200 pum thin and combined
with transparent materials to photons below 300 nm. This
means that a VUV-sensitive sensor is expected to extract more
Cherenkov photons from a metapixel than a NUV one.
Moreover, it is possible to channel UV light through the air gap
between the metalayers, enhancing the amount of Cherenkov
photons collected in the deep UV region.

An essential feature of the metascintillators analysis is the
ability to remove Compton’s contributions. The photoelectric
and Compton interactions are distinguishable for bulk pixels
when plotting the energy spectrum. In metascintillators,
especially where the two components have different light
yields, the energy spectrum information needs to be combined
with a distribution that can act as an energy-sharing surrogate
[7, 8]. The RTD helps to understand which are the fastest events
for the different contributions. Indeed, the RTD changes its
profile depending on the events we consider. We focus on the
coincidence Full Spectrum (cFS) and the coincidence
Photopeak (cPP) RTDs, using the valley region in the energy
spectrum to separate Compton from photoelectric events. The
first considers all the events above a low threshold to avoid
noise pollution, while the second is obtained by taking just
photoelectric interactions. Figure 8 shows the differences
between the bLYSO and bBGO RTDs for all events (cFS) and
just photoelectric interactions (cPP). With this rise time
information, it is possible to filter just those events that are
faster than a certain threshold. In this work, we have selected
100 ps as our rise time threshold, considering that pEJ232 has
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almost 100% of cPP events below this threshold. This will be
shown in more detail in the Results section.
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Figure 8. Comparison RTD plots of bLYSO (in blue) and bBGO (orange)
choosing cFS events (solid lines) and cPP events (dotted lines). In both cases
the sensor used is a NUV-HD coupled with SS.

Il. RESULTS

A. Reference detector baseline results

Two reference detectors (3x3x5 mm?® LYSO:Ce,Ca coupled
with the SS-988 to a NUV-HD SiPM) have been placed in
coincidence, resulting in a CTR of 82 ps leading to a DTR of
58 ps (cPP), as shown in Figure 9. The true FWHM is 75.9 ps
which includes 70.3 % of the At distribution events. In Figure
8, the coincidence full-spectrum (cFS) and photopeak (cPP)
RTDs of the reference detector are compared (blue lines, dotted
and solid). By removing the Compton scattering interactions,
the remaining events are the fastest ones.
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Figure 9. CTR result of two bLYSO coupled with SS-988 to NUV-HD sensors.

B. From bulk to pseudo

In this section, the pixels have been tested with the NUV-HD
sensor and SS-988 (SS) coupling material. Table Il shows a
slight CTR improvement in pBGO1 compared to bBGO, while
pBGO2 presents a slightly worse CTR. Regarding the RTD of
these three pixels, the difference in the distributions, as shown
in Figure 10, is within statistical margins, with the pBGO2
somewhat faster with around 5 % fast events (below 150 ps)
more than the other two distributions.

TABLE Il
CTR RESULTS
Pixel CTR [ps] DTR [ps] CTRinT [ps]
bBGO 224 (269) 216 306
pBGO1 199 (251) 190 269
pBGO2 230 (247) 223 325

Table 1. NUV-HD with SS-988 cPP results comparing bBGO, pBGO1 and
pBGO2, using a NUV-HD LYSO:Ce,Ca reference detector. Between
parenthesis, the CTR results using the true FWHM.

100

80
60
40
20

0 50 100 150 200 250 300 350 400 450 500
5mV Rising Time [ps]

NUV - SS- bBGO NUV - S5-pBGO1

Figure 10. RTD distributions of cPP events of bBGO, pBGO1 and pBGO2
coupled with SS-988 to NUV-HD sensors.
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C.BGO/EJ232 characterization

Table 1l shows that the CTR of pEJ232 and mBE are
comparable. This can be explained by the light-guiding concept
previously discussed, where the fast Cherenkov photons of the
BGO plates are now traveling through the EJ232 plates before
being extracted. Moreover, because of the lack of photopeak
region, the EJ232 CTR corresponds to all interactions having
an energy above the Compton area of pBGO2. Hence, the
timing results consider a part of those plastic scattering events.

Figure 11 depicts the cPP RTDs for different materials and
configurations for NUV and VUV photosensors. Here, it is
visible the mBE, pEJ232, and pBGO2 RTDs and how the mBE
(blue line) shares both material characteristics, especially
having the same starting point of the pEJ232 (yellow line) and
the events maximum in between the other two distributions. In
this plot, it is possible to appreciate how the RTD can be used
as an energy-sharing surrogate.

Moreover, it is possible to isolate shared events by
normalizing the pEJ232 and pBGO?2 lines (respectively, yellow
and green dashed lines of Figure 11) to match the mBE RTD
features. Indeed, in Figure 11, the red dashed line is obtained
by removing the normalized pseudo events from the overall
metapixel contribution, showing the projection of the red area
containing only the shared mBE events.

TABLE Il
CTR RESULTS
Pixel CTR [ps] DTR [ps] CTRinT [ps]
pEJ232 165 (174) 154 218
mBE 169 (208) 159 224

Table I1l. CTR results comparing NUV-HD pEJ232 and VUV-HD mBE, using
a NUV-HD LYSO:Ce,Ca reference detector. Between parenthesis, the CTR
results using the true FWHM.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Radiation and Plasma Medical Sciences. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TRPMS.2023.3310581

100

80

60

40

20

Vs
AL S P SV

0 50 100 150 200 250 300 350 400 450 500
5mV Rising Time [ps]

NUV - 5§ - pEJ232 NUV - S5 - pEJ232 (norm)

VUV - GL - pBGO2 VUV - GL - pBGO2 (norm)

VUV-GL-mBE = === mBE - shared events

Figure 11. RTD distributions of pEJ232 events coupled with SS to NUV-HD
sensor (yellow line), and pBGO2 and mBE coupled with glycerin to VUV-HD
sensor (respectively, green, and blue lines). The solid lines are normalized by
the maximum value of the relative distributions, while the yellow and green
dashed ones are a normalized version of those with the same color. Last, the
dashed red line shows the projection of the red area containing only the shared
mBE events.

D.Absorption dependence of BGO geometry

The Fourier-transform  infrared  spectroscopy (FTIR)
experiment has provided wavelength-dependent absorption
values for BGO pieces of 0.2 mm thickness (Figure 12).
Compared to the standard 3 mm BGO thickness, we observe a
significant improvement in transmission. Cherenkov light at
this range is more likely to be extracted from crystals cut in thin
configurations. This synergizes with the improved PDE of the
VUV at those wavelengths and the improved Cherenkov
production due to lower wavelength and higher refractive index
of BGO around 300 nm.
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Figure 12. FTIR transmittance measurement for BGO of different dimensions.
There is significant difference at the area around 300 nm, which leads to an
improvement of Cherenkov photon collection. Width and length of both
samples is respectively 3 mm and 15 mm.

E. Coupling material and Cherenkov populations

To test the possible improvements with VUV-HD sensors for
Cherenkov photon extraction, we tested the pBGO2 pseudo-
pixel using both SS-988 and glycerin and compared it with
NUV acquisition. The results show no significant difference in
terms of CTR, less than a 10 ps difference. In contrast, the
RTDs show an increment in the fast side of the distribution,

where the events with significant Cherenkov photon population
are found (Figure 13, black dotted oval). This might also be

caused by the small differences between SiPMs.
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Figure 13. RTD distributions of pBGO2 cPP events coupled with SS-988 and
glycerin to NUV-HD and VUV-HD sensors. Highlighted in the black dotted
oval, the difference in Cherenkov population between NUV-HD and VUV-HD

Both coupling materials showed a largely similar behavior
when considering the RTD; however, when using glycerin at
room temperature, the gain of the energy profile was
significantly decreased in less than an hour (Figure 14, top).
After reducing the temperature below 15 °C and minimizing the
amount of glycerin, the energy spectrum became stable (Figure
14, bottom).

This has been tested to be efficient also considering that
glycerol has its melting point at 17.8 °C, in this way, reducing
the viscosity of the material. At the same time, when comparing
the RTDs of BGO with different coupling materials and SiPMs,
we see a significant improvement when using VUV. However,
using glycerin or regular grease does not change the RTD
significantly.
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Figure 14. Energy p plots at
intervals. Glycerin was used at room temperature for this test (25°C). (Bottom)
on the left the cFS, on the right the coincidence spectrum after filtering the fast
events with rise time below 100 ps. Both using glycerin at temperature below
18°C.

F. Isolating fast datasets

If we consider only those fast events that occur below the 100
ps RT threshold, we obtain that the percentages of events are:

- 97.7 % for pEJ232;

- 11.8 % for pBGO;

- 42.1 % for mBE.
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Considering that almost 100% of all pEJ232 events are already
below 100 ps of 5 mV RTD, we can assume that the CTR will
stay the same, while for pBGO2 and mBE would not be the
case. This means that for almost 50% of all the mBE
photoelectric interactions, we can further improve the CTR by
selecting a fast subset of events. Indeed, the CTR of mBE
using this rise time filtering approach is 156 ps, even better
than the pEJ232 result (Figure 15) The true FWHM is 184.9
ps which includes 66.3 % of the At distribution events. This
last result is instead a bit over the best result achieved with
pEJ232 (174ps), though really close, indicating that the BGO
Cerenkov photons almost entirely drive the timing resolution.
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Figure 15. CTR result of mBE couple with glycerin to a VUV-HD sensors and
filtering just those events that are faster than 100 ps of the RTD distribution.

IVV. DISCUSSION

In this work, we have isolated subsets of 511 keV
annihilation photon events to demonstrate how the pileup of
optical photons, which provides the best timing, can be done
with the combination of Cherenkov and fast-metascintillator
photons. However, the demonstration of increased sensitivity,
even for materials without emission in the VUV, leads to further
investigation of a potential synergy of those timing
mechanisms.

Minor CTR improvements have been observed between
pBGO1 and bBGO, while pBGO2 presents a slightly worse
CTR (not if we consider the true FWHM result). This can be
attributed to the unpolished thin surfaces of pPBGO2. Indeed, the
extracted light must pass through a rough surface,
compromising the light collection. This is an exciting result
since pPBGO2 and bBGO CTRs are substantially identical.

Considering the use of glycerin as a coupling material, we
have observed the formation of a black powder on top of the
SiPM. Initially, the cause of this phenomenon was attributed to
some oxidation in a metal part of the SiPM. Further
investigations have determined that glycerin creates a
conductive bridge between the anode and cathode bonding
wires. By applying a voltage over the breakdown point of the
SiPM, the current might flow through the glycerin producing an
electrochemical reaction.

By comparing the RTD of different materials, we
demonstrate that the RTD using a 5 mV threshold for the rise

time can be used as an energy-sharing surrogate. This is
significant as the RTD is commonly used for Cherenkov
photons discrimination [5, 16, 18], allowing a single tool to be
applied for all fast-timing mechanisms.

Using the RTD for event discrimination has revealed datasets
with variable CTR and allowed feature matching of
distributions of bulk materials, in this case, BGO and EJ232.
The RTD approach seems to be well applicable to the
metascintillator case, allowing the characterization of events
according to their energy sharing. When comparing the RTD of
bulk BGO, including Cherenkov and metascintillators, we see
that in the second case, a significantly higher population of
events is found in the favorable fast area of this distribution.

From the comparison between VUV and NUV read-outs, a
better Cherenkov event population is gathered with VUV SiPM
as a percentage of the whole acquisition. This might also be
caused by the small differences between SiPMs. Further
investigation is needed. The same can be said by comparing
bulk (b) and laminated (p) pixels. As all other possibilities have
been eliminated, we can assume that laminated scintillators
with VUV SiPM improve Cherenkov photon extraction, as
demonstrated in the presented FTIR measurements. This leads
to a synergistic effect supporting using metascintillators for
improved Cherenkov photon detection. An interesting artifact
was observed below 250 nm, hinting at a potential second
transmissive band for BGO. Detailed measurements will take
place and be presented in different works.

Concerning the fitting methods used for the At distributions,
we decided to have as best fit the one determined by the highest
regression-square value R?. We use the asymmetric Laplacian
fit for asymmetric distribution because most events are in the
long tail of BGO timing contributions. This is also why we use
a very fast reference detector. In this way, the error contribution
introduced when recalculating the DTR using different fitting
methods can be considered negligible. Additionally, the true
FWHM calculated by linear interpolation is presented for each
timing spectrum.

We observed that the CTR results for pBGO2 were
comparable even when changing photosensors and coupling
materials. Thinking about a metapixel composed of pBGO2 and
pEJ232 plates, we would expect timing performances between
one of these two pseudo-pixels. Indeed, the results show this
but with a strong presence of shared events pushing the CTR of
mBE to be very close to the one of pEJ232.

These results can be further improved using fully polished
plates of BGO material and some post-processing techniques,
like time-walk correction [8]. However, this work aims to
demonstrate that it is possible to isolate and explain the
distributions of CTR for events of different natures directly at
the oscilloscope without any post-processing.

Further analysis will be conducted on the combination of
slabs of various thicknesses, exploiting the characteristics of
both materials. Nevertheless, we demonstrated here that using
both metascintillators and Cherenkov timing mechanisms in the
same acquisition and isolating the faster events is possible. As
it has been demonstrated that variable depth-of-interaction is
one of the primary mechanisms deteriorating the CTR of
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scintillators, we are working on developing metascintillators
that include precise DOI characterization [21, 22, 23]. This
information will be combined with the energy sharing and first
photon-arrival through neural networks to improve all
metascintillator specifications collectively, according to
recently published works [24].

V. CONCLUSIONS

In this work, we demonstrate that the combined use of VUV-
sensitive SiPM technology, along with VUV transparent or
semi-transparent  optical  couplings and  scintillator
heterostructures, can improve Cherenkov photon detection. We
also showed how the metascintillator and Cherenkov
approaches for fast timing could complement each other. This
enhanced the occurrence of prompt photons and consequent
IPTD, a strong indicator of improved CTR for selected event
subsets. We have also demonstrated that the RTD can be a
helpful tool, along with the energy spectrum, for the
characterization of fast events in metascintillators, as it allows
easy and direct selection of faster or more shared events.
Moreover, we show that the features of pulses between bulk
BGO and EJ232 materials can be directly isolated from the
metascintillator distribution.

By splitting the shared photoelectric interactions almost in
half (42%) with a rise-time filter of 100 ps, we show that the
faster part of the mBE events has a CTR of 156 ps (184 ps using
the true FWHM), comparable to the CTR of only plastic
scintillators, but with significantly improved stopping power
due to the presence of a high-Z material such as the BGO and
the inclusion in this fast dataset of the Cherenkov-timed events.
These teachings can be used for future metascintillator analysis
and in the case of metascintillators, where one of the materials
contributes to good timing through the presence of Cherenkov
photons.
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